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a laser pulse 1n a sample direction of a sample area of a
scene. A sensor element of the LIDAR system 1s configured
to sense a return pulse, which 1s a reflection from the sample
area corresponding to the emitted laser pulse. The LIDAR
system may compare a width of the emitted laser pulse to a
width of the return pulse in the time-domain. The compari-
son of the width of the emitted pulse to the width of the
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direction. Such a comparison leads to a measurement of the
change of pulse width, referred to as pulse broadening or
pulse stretching, from the emitted pulse to the return pulse.
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SURFACE NORMAL DETERMINATION FOR
LIDAR RANGE SAMPLES BY DETECTING
PROBE PULSE STRETCHING

CROSS REFERENCE TO RELATED
APPLICATIONS

This 1s a continuation application which claims priority to
commonly assigned, co-pending U.S. patent application Ser.
No. 15/487,010, filed Apr. 13, 2017. U.S. application Ser.

No. 15/487,010 1s fully incorporated herein by reference.

BACKGROUND

The term “LIDAR” refers to a technique for measuring
distances of visible surfaces by emitting light and measuring
properties of the reflections of the light. The term 1s a
combination of parts of the words “light” and “radar,”
although the term 1s often thought of as an acronym {for
“Light Detection and Ranging.”

A LIDAR system typically has at least one laser emitter
and a corresponding sensor element. The laser emitter may
comprise a laser such as an injection laser diode (ILD) that
directs light in the direction of an object or surface. The
sensor element may comprise a photodetector such as a
photomultiplier or avalanche photodiode (APD) that con-
verts light intensity to a corresponding electrical signal.
Optical elements such as lenses may be used in the light
transmission and reception paths to focus and direct light.

A LIDAR system has signal processing components that
analyze reflected light signals to determine the distances to
surfaces from which the emitted laser light has been
reflected. For example, the system may measure the propa-
gation time of a light signal as it travels from the laser
emitter, to the surface, and back to the sensor element. A
distance 1s then calculated based on the flight time and the
known speed of light.

Some LIDAR devices can measure the distances of mul-
tiple surface points within a scene. For each surface point,
the LIDAR system can determine both the distance of the
surface point and its angular direction with respect to the
device. This capability can be used to create a point cloud
comprising three-dimensional coordinates of the multiple
surface points.

To measure coordinates of multiple surface points, a
LIDAR system may use multiple laser emitters and/or
multiple sensor elements. Alternatively, a LIDAR system
may physically move one or more lasers and/or detectors to
scan over a scene while repeatedly taking measurements of
different surface points.

LIDAR systems have been used to inform gwdance,
navigation, and control systems 1n autonomous vehicles. In
systems such as this, one or more LIDAR devices are
configured to produce a surface map indicating the 3D
coordinates of wvisible surface points surrounding the
vehicle. A guidance, navigation, and control system analyzes
this data to identily obstacles, to perform obstacle avoid-
ance, and to determine a desired path of travel.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description 1s described with reference to the
accompanying figures. In the figures, the left-most digit(s) of
a reference number 1dentifies the figure 1n which the refer-
ence number {irst appears. The use of the same reference
numbers 1 different figures indicates similar or i1dentical
components or features.
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FIG. 1 1s a perspective schematic diagram depicting an
example LIDAR system and detectable object.

FIG. 2 1s a block diagram illustrating high-level compo-
nents that may, 1n some examples, be used 1n conjunction
with a LIDAR measurement channel.

FIG. 3 1s a graph 1llustrating example wavelorms that may
be generated or received 1n a LIDAR measurement channel.

FIG. 4 1s a schematic diagram depicting a return pulse
having a number of parameters and a functional block that
determines such parameters, according to some examples.

FIG. 5 1s a schematic diagram depicting some examples
of pulse stretching.

FIG. 6 illustrates some examples of probe pulse stretch-
ing.

FIG. 7 1s a schematic diagram depicting some examples
of pulse stretching due to interactions with a vertical surface
and a horizontal surface.

FIG. 8 1s a perspective schematic diagram depicting
LIDAR scans across a scene, according to some examples.

FIG. 9 1s a schematic diagram depicting techniques for
detecting and compensating for measurement ambiguities,
according to some examples.

FIG. 10 1s a tflow diagram 1illustrating a process for
determining surface features, according to some examples.

DETAILED DESCRIPTION

An apparatus and associated techniques are described
herein for determining surface orientations (e.g., contours,
shapes) of various portions of objects 1 a scene. The
apparatus and techmiques can be used in various types of
vision systems to produce point clouds indicating three-
dimensional (3D) coordinates of surfaces that are visible
from the perspective of the apparatus. As an example, the
apparatus and techniques may be used by or for a perception
system, a planner system, guidance, navigation, and/or con-
trol systems ol autonomous vehicles such automobiles,
aircraft, boats, etc. please describe that this could be pro-
vided to a, such as an autonomous vehicle. The apparatus
and techniques may also be used in other applications that
have a need for real-time, multi-point, scanning distance and
avoidance measurements, such as, for example, robots,
manned vehicles, and computer vision systems.

In some embodiments, the apparatus may be a LIDAR
distance measurement system (hereinafter, “LIDAR Sys-
tem’”) comprising a rotatable chassis that houses components
for mmplementing techniques and processes described
herein. The chassis can rotate about a vertical rotational axis
to scan horizontally across a scene, although the chassis may
be aligned non-vertically in other examples. The apparatus
can include an optical system that defines an overall field of
view ol a scene surrounding the apparatus. As the chassis
rotates, the field of view moves or scans across a scene. The
apparatus can include multiple laser emitters positioned
within the chassis to project laser light outward through one
or more lenses of the optical system, for example. The
apparatus can include multiple sensor elements so that light
from any particular laser emitter travels 1n a retlected path
through the one or more lenses to a corresponding sensor
clement. For purposes of discussion, the term “channel” 1s
used herein to refer to an individual laser emitter, corre-
sponding sensor element, and the circuitry associated with
the laser emitter and sensor element.

In some examples, a LIDAR system includes a laser
emitter, such as a laser diode, configured to emait a laser pulse
in a sample direction to a perform a distance measurement
of a sample area of a scene. For example, during a scan of
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a scene surrounding the LIDAR system, the laser emitter
may be momentarily aimed at a relatively small area or
portion of the scene during rotation of the chassis. A sensor
clement of the LIDAR system 1s configured to sense a return
pulse, which 1s a reflection from the sample area correspond-
ing to the emitted laser pulse. The LIDAR system may
include a processing unit that receives a signal representa-
tive of the return pulse from the sensor element. A process-
ing unit may include, for example, microprocessors, micro
controllers, instructions stored in memory, FPGAs, inte-
grated circuits, and/or other electronic circuitry configured
to implement functionality as described herein. The process-
ing unit may subsequently compare a width of the emitted
pulse to a width of the return pulse 1n the time-domain. As
described below, the processing unit may use the compari-
son of the width of the emitted pulse to the width of the
return pulse to determine an orientation or surface normal of
the sample area relative to the sample direction. Such a
comparison leads to a measurement of the change of pulse
width, referred to as pulse broadening or pulse stretching,
from the emitted pulse to the return pulse. In this way,
surface orientations (e.g., contours, shapes) of various por-
tions of objects 1 a scene can be detected.

In some examples, the processing unit may also determine
a distance between the sample area and the sensor element
based, at least 1n part, on a time span {from when the emitted
pulse 1s emitted and when the return pulse 1s sensed. This
time span 1s referred to as time-oi-flight. In some examples,
such determination techniques may assume that the laser
source emits a pulse substantially instantaneously when 1t 1s
istructed to fire. However, in practice, the pulse 1s not
emitted instantaneously. Instead, there 1s some latency inher-
ent 1n the components of the LIDAR system. Moreover, the
pulse may be Gaussian in nature, ramping up over time to a
peak belfore dropping back. Thus, the actual flight time of the
pulse 1s a time from a peak of the emitted pulse to a peak of
the return pulse. However, because a time corresponding to
the peak of the emitted pulse may not be known, existing,
LIDAR systems may use as a proxy the time at which the
laser source 1s 1nstructed to fire.

In some examples, laser emitters and sensor elements of
a LIDAR system may have similar or identical physical
arrangements or layouts with respect to the overall field of
view ol the apparatus. For example, as described below, the
sensor elements may be arranged within a sensor 1mage
frame having an x axis, which 1s the axis along which the
scene 1s scanned as the chassis rotates, and an orthogonal v
axis. In 1llustrated embodiments 1n which the rotational axis
1s vertically aligned, the x axis corresponds to the horizontal
axis of the scene and they axis corresponds to the vertical
axis ol the scene.

In some examples, the sensor elements are arranged as a
series of staggered rows that are tilted slightly from the x
axis. The two-dimensional nature of this layout allows the
sensor elements (e.g., photodiodes) to have an eflective
resolution, corresponding to a y-axis pitch, that 1s smaller
than the diameter of the sensor components themselves and
smaller than would be possible with a linear arrangement. In
some examples, the amount of tilt from the x axis 1s selected
so that the sensor elements have a uniform spacing or pitch
relative to the v axis of the sensor image frame. In other
examples, the y-axis spacing of the lasers and/or sensor
clements may be non-uniform.

In some examples, the laser emitters are arranged simi-
larly within an emitter 1image Iframe. The emitter image
frame has an x axis, also referred to herein as a scan axis,
that corresponds to the x axis of the sensor frame. The
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4

emitter 1mage frame has a y axis that corresponds to the y
axis of the sensor frame. The one or more lenses can direct
light produced by the laser emitters from the emitter image
frame outwardly into the field of view of the one or more
lenses.

The optical system 1s configured so that light from a laser
emitter at a particular x-y position relative to the emitter
frame 1s directed outwardly 1n a corresponding direction.
Such light may be 1n the form of a laser pulse or burst.
Received light (e.g., a reflection of the emitted pulse) from
the same direction 1s directed inwardly by the optical system
to the corresponding sensor element, which 1s at the same
X-y position relative to the sensor frame.

In some examples, the sensor elements are mounted on a
single, planar printed circuit board. The laser emuitters,
however, are mounted on multiple printed circuit boards.
Each emitter board supports a corresponding row of the laser
emitters, and the laser emitters are mounted on edges of the
boards to point toward the one or more lenses of the optical
system. The edges of the emitter boards may be curved, and
the emitter boards are inclined imnwardly with respect to each
other so that the laser emitters are all equidistant from a lens
focal point and are also all directed to converge at the lens
focal point.

The measurement channels of the LIDAR system may be
used individually and in sequence to perform individual
measurements of a number of parameters of a laser pulse.
For example, such parameters may be used to determine or
calculate distances from the LIDAR system to an object 1n
a scene. For each distance measurement, a laser emitter of a
channel emits a laser pulse and a reflection pulse i1s sensed
by the sensor element of the channel. The sensor element
creates a return signal representing the intensity of the return
pulse 1n the time domain. When the emitted pulse hits an
object 1n the scene and 1s reflected, the return signal corre-
sponding to the return pulse 1s delayed with respect to a
reference signal corresponding to the emitted pulse. A
cross-correlation may be performed between the return
signal and the reference signal. The highest peak of the
auto-correlation may be identified, and the timing of the
highest peak 1indicates the round-trip propagation time of the
emitted pulse. A distance 1s then calculated based on the
propagation time. In other examples, parameters of a laser
pulse may be used to determine or calculate surface normals
(e.g., surface orientations) of portions of surfaces of objects
in a scene. Herein, some examples describe determining
surface normals, but i1t 1s to be understood that claimed
subject matter 1s not limited to surface normals, but 1nstead
encompasses any type ol measurement that indicates orien-
tation of the surface. A surface normal 1s a convenient
mathematical construct that may comprise a vector 1n a
direction that 1s perpendicular to the surface. The magnitude
of such a vector may be proportional to the surface area, or
may be unity for a unit normal vector. Again, claimed
subject matter 1s not limited 1n this respect.

FIG. 1 illustrates an example configuration of a rotatable
sensor assembly 100 that may be used as part of a LIDAR
sensor device or system. Sensor assembly 100 may include
a rotatable chassis 102 that rotates about rotational axis 104.
In some examples, the rotational axis 1s vertical with respect
to gravity. In other examples, the rotational axis may be
tilted at an angle from vertical.

The chassis 102 has an outer contour that is generally
symmetrical about the rotational axis 104. An upper portion
106 of chassis 102 includes a cutout forming a vertically
oriented flat surface 108 that faces 1n a forward direction
110, also reterred to as the z-direction, relative to the
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housing 102. In some implementations, flat surface 108 has
one or more openings to accommodate first lens 112 and
second lens 114. Forward direction 110 may be parallel with
a direction that first lens 112 and second lens 114 face. In
other 1implementations, flat surface 108 1s configured to
accommodate mounting of a lens holder (not 1llustrated 1n
FIG. 1) that supports first and second lenses 112 and 114.

Lenses 112 and 114 may be mounted so that their prin-
cipal axes are generally perpendicular to rotational axis 104,
and generally parallel to forward direction 110. In practice,
cach of lenses 112 and 114 may comprise multiple indi-
vidual lens elements.

Lenses 112 and 114 may have a common field of view of
a scene. Rotation of chassis 102 causes the field of view to
move or scan in a scan direction 116. In the illustrated
embodiment, 1n which rotational axis 104 1s vertical, scan
direction 116 1s horizontal.

Chassis 102 may include a partition wall 118 that forms
a sensor compartment on one side of chassis 102 and a laser
compartment on the other side of chassis 102. Partition wall
118 may prevent or reduce stray light mside chassis 102.
Such stray light may undesirably lead to false electronic
signals. The sensor compartment houses an array of sensor
clements 120. The laser compartment houses one or more
rows of laser emitters 122.

In some examples, sensor elements 120 may be arranged
to have a uniform spacing or pitch. For instance, sensor
clements 120 may be arranged as a series of staggered rows
that are tilted slightly in a first direction to produce a uniform
pitch 1n an orthogonal direction.

Laser emitters 122, generally laser diodes, may be
arranged within an emitter image frame. Lenses 112 and 114
may direct light produced by laser emitters 122 from the
laser 1mage frame outwardly into the lenses’ field of view.

Sensor elements 120 may be mounted on a single, planar
printed circuit board. Laser emitters 122, however, may be
mounted on multiple printed circuit boards. Each printed
circuit board supports a corresponding row of laser emitters
122, which may be mounted on edges of the boards and emit
toward lenses 112 and 114. The edges may be curved and the
printed circuit boards may be inclined mnwardly with respect
to one another so that laser emitters 122 are all equidistant
from a lens focal point and are also all directed to converge
at the lens focal point.

First lens 112 1s generally above the laser compartment
and forward of laser emitters 122. Second lens 114 1is
generally above the sensor compartment and forward of
sensor elements 120.

One or more mirrors 124 are positioned within chassis
102 behind lenses 112 and 114 to redirect or fold emitted and
received light between nominally horizontal and vertical
directions. Received light 126 enters the chassis generally
horizontally through lens 114 and 1s redirected as downward
light 128 by one or more mirrors 124 toward sensor element
120. Laser emitters 122 emait laser light 130 1 an upward
direction. The emitted light impinges on one or more mirrors
124 and 1s redirected horizontally, 1n forward direction 110
through lens 112, producing an outward beam 132.

The LIDAR system may be used to detect or determine
any ol a number of parameters for an object 134 1n a field
of view (e.g., 1n a scene). Such parameters may include
distances to various points of the object to determine 3D
coordinates of 1ts surface, for example. Such parameters
may also include surface normals of relatively small areas
that include the various points of the object to determine 3D
coordinates of 1ts surface. Detecting or determining param-
eters of an object mvolves reflecting at least a portion of
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outward beam 132, which may be in the form of a pulse,
from the object and receiving reflected light 126, also 1n the
form of a pulse, at sensor elements 120.

In some particular examples, each of laser emitters 122
are fired individually and 1n sequence to obtain individual
distance measurements. For each measurement, a single
laser 1s fired 1n a burst of two closely spaced pulses and a
return reflection 1s detected by a corresponding sensor
clement 120 (e.g., a photodiode). The sensor element creates
a return signal representing the intensity of the reflected light
over time. Assuming the emitted burst has been retlected, the
return signal comprises a pair of pulses, similar or modified
in shape to the emitted pulses, that are delayed with respect
to the emitted pulses. For example, outward beam 132 may
comprise a pulse 136 having a width narrower than a pulse
138 of reflected light 126, as discussed below. Among a
number of other techniques, a cross correlation may be
performed between the return signal and a reference signal
to determine a time delay. In some examples, another
technique for determining time delay may involve Gaussian
or polynomial regression of the pulse shape of the return
signal. The peak of the auto-correlation 1s 1dentified, and the
timing of the peak 1s used to determine the round-trip travel
time of the ematted burst. In other examples, any number of
one or more pulses may be used.

In examples using multiple pulses, the amount by which
the pulses of a burst are spaced from each other may be
varied over time and between lasers to reduce an impact of
cross-talk. Cross-talk may occur, for example, when a
photodiode receives a reflection of light that was emitted by
a non-corresponding laser, or when a photodiode receives
light that was emitted from another LIDAR apparatus.
Varying the pulse spacing may reduce ambiguity between
different light emissions, so that the cross-correlation inher-
ently tends to mask out retlected bursts whose spacings are
different than the spacing of the originally emitted burst. The
spacing may be varied across the diflerent lasers and also
may be varied over time for an individual laser. For example,
the pulse spacing for a particular laser may be changed
randomly for every rotation of chassis 102.

The lasers may be sequentially fired 1n a defined sequence
at a rate such that each laser 1s fired during the maximum
expected tlight time of a previously fired laser. Thus, two
laser emissions (where each emission 1s a pulse pair) may be
“in thight” at any given time.

Two analog to digital converters (ADCs) may be used to
digitize signals produced by sensor elements 120. The ADCs
operate 1n an alternate fashion, so that a particular ADC
digitizes every other laser emission. For example, the retlec-
tion from a first laser burst 1s digitized by a first ADC, the
reflection corresponding to a second laser burst 1s digitized
by a second ADC, the reflection corresponding to a third
laser burst 1s digitized by the first ADC, the reflection
corresponding to a fourth laser burst 1s digitized by the
second ADC, and so on. Two ADCs may be adequate
because only two laser emissions are in thght at any given
time, 1n this example.

Each laser emitters 122 may be associated with a pair of
capacitors that are used to generate two energy pulses for a
corresponding 1ndividual laser emission. The capacitors of
cach pair may be charged in common by a regular boost
circuit, and discharged into the corresponding laser using a
pair ol gallium nitride field-eflect transistors (GaN FETs).
Laser emitters 122 may be divided into two charge banks.
The capacitors corresponding to the lasers of one charge
bank may be charged while the lasers of the other charge

bank are being fired.
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A firing order of the lasers may be selected to maximize
the physical distance between adjacently-fired lasers, subject
to constraints that (a) adjacently-fired lasers should corre-
spond to photodiodes of different ADC groups and (b) the
sequence should repeatedly fire all the lasers of the first
charge bank and then all the lasers of the second charge
bank. Fach charge bank may include lasers corresponding to
photodiodes of both ADC groups.

FIG. 2 illustrates elements of a LIDAR measurement
system 200 that may be used to perform distance and/or
surface-normal measurements using a laser/sensor arrange-
ment such as described above for FIG. 1.

A measurement channel includes one of laser emitters 122
and a corresponding one of sensor elements 120. For a single
distance measurement, for example, the laser emitter may
emit a single pulse or a burst of laser pulses through lens 112
along an outward path 130 and 132. The pulse(s) may be
reflected by a surface of object 134 of a scene, through lens
114, and to sensor element 120 along a return path 126 and
128.

Lens 112 (which may 1tself include more than one lens
clement) 1s designed so that beams from laser emitters 122
at different physical positions within the array of laser
emitters are directed outwardly at different angles. Specifi-
cally, lens 112 may be designed to direct light from laser
emitter 122 of a particular channel 1n a corresponding and
unique direction. Lens 114 may be designed so that corre-
sponding sensor element 120 of the channel receives
reflected light along the same direction.

System 200 includes a controller 208 to implement con-
trol and analysis logic for multiple channels. Controller 208
may be implemented 1n part by an FPGA (field-program-
mable gate array), a microprocessor, a DSP (digital signal
processor), or a combination of one or more of these and
other control and processing elements, and may have asso-
ciated memory for storing associated programs and data.

To mitiate a single measurement, such as distance, using
a single channel, controller 208 generates a trigger signal
210. Trigger signal 210 may be recerved by a pulse generator
212. In response to receiving trigger signal 210, pulse
generator 212 may generate a burst signal 214. Burst signal
214 comprises a pair of sequential pulses having rising
edges that indicate the times at which a laser emitter should
be activated or turned on. As illustrate 1n FIG. 2, the function
of pulse generator 212 may 1n actual implementation be
performed by controller 208.

Burst signal 214 may be received by a capacitive driver
216, which may provide an emitter drive signal 218. Emitter
drive signal 218 comprises a pair of sequential energy
pulses, corresponding in time to the pulses of burst signal
214. Emitter drive signal 218 1s connected to a laser emitter
122 (e.g., as 1illustrated 1n FIG. 1) to drive the laser emitter
to produce pulses of laser light.

Assuming that emitted laser light 202 1s retlected from a
surface 204, a sensor element 120 (e.g., as illustrated in FIG.
1) receives retlected light 206 and produces a return signal
220. The return signal may have the same shape as emitter
drive signal 218, or may comprise pulses that are widened
as compared to the pulses 1n the emitter drive signal. Shapes
may also difler from one another as a result of noise,
interference, cross-talk between different emitter/sensor
pairs, interfering signals from other LIDAR devices, and so
forth. Return signal 220 may also be delayed with respect to
emitter drive signal 218 by an amount corresponding to the
round-trip propagation time of the emitted laser burst.

An ADC (analog-to-digital converter) 222 receives and
digitizes return signal 220 to produce a digitized return
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signal 224. Digitized return signal 224 1s a stream of digital
values indicating the magnitude of return signal 220 over
time. Note that ADC 222 may be a shared component, and
used to digitize signals provided by multiple diflerent sensor
clements at diflerent times.

A cross-correlation component 226 may recerve digitized
return signal 224 and perform a cross-correlation between
the digitized return signal and a reference wavelorm 228, to
produce a cross-correlation signal 230. As illustrated in FIG.
2, the function of cross-correlation component 226 may be
performed by controller 208.

Reference wavetorm 228 represents the timing and the
intensity of the light that 1s actually emitted by laser emitter
122. In certain embodiments, reference wavetform 228 may
be obtained during a calibration cycle. For example, 1n some
embodiments there may be a reference surface at which the
output of the laser emitter can be aimed. The reference
surface may 1n some cases comprise part of the support
structure of chassis 102, and may be at a known, relatively
small distance from lenses 112 and 114. When the output of
laser emitter 122 1s directed toward the reference surface,
capacitive driver 216 drives laser emitter 122 to produce an
output burst. Sensor element 120 and ADC 222 are then used
to capture a wavelorm corresponding to the light reflected
from the reference surface. This captured waveform may be
used as reference wavetorm 228. Reference waveform 228
may be captured umiquely for each channel, may be stored
and used for multiple subsequent measurements, and may be
updated over time to account for thermal drift and/or other
variables. In some embodiments, reference wavetform 228
may be updated at least once per revolution of the chassis.

In other embodiments, one or more different sensors,
inside or outside chassis 102, may be used to capture
reference wavelform 228 during one or more calibration
emissions of laser emitter 122. Furthermore, multiple read-
ings may be performed and averaged to create reference
wavelorm 228.

Controller 208 may receive cross-correlation signal 230
and analyze cross-correlation signal 230 to find 1ts highest
peak, which indicates the phase difference or time shift
between the laser pulses emitted from laser emitter 122 and
received at sensor element 120.

Note that FIG. 2 illustrates elements and signals 1 a
simplified manner for purposes of describing general char-
acteristics. In actual implementation, various diflerent types
of signals may be generated and used to activate laser
emitter 122 to provide one or multiple pulses and to measure
the phase difference between the output of the laser emitter
and the reflected light that 1s sensed by the sensor element
120.

FIG. 3 illustrates further details regarding emitted laser
pulses, reflected laser pulses, and cross-correlation between
the emitted laser pulses and the retlected laser pulses. A first
wavetorm 302 represents timing and intensity of light emit-
ted by a laser emitter, such as 122, which may be indicated
by the reference wavetorm 228 of FIG. 2, for example. Light
for a single distance measurement may be emitted as a single
pulse or a sequence or burst of multiple pulses. This example
involves a pair of pulses 304(a) and 304(b), each having a
width of approximately 5 to 20 nanoseconds, though
claimed subject matter 1s not limited in this respect. How-
ever, 1n other examples, sequences or bursts of pulses having
more than two pulses of longer or shorter duration can be
used. In the illustrated example, the pulses of the pair are
spaced from each other by a time interval having a duration
t,, which may vary between 20 and 30 nanoseconds, though
claimed subject matter 1s not limited in this respect. The
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pulses may be generated by the discharge of capacitors
through the laser emitter, and therefore generally have
(Gaussian shapes.

The time interval duration t; by which pulses 304 are
spaced may be different for different generated bursts, and 1s
established by a controller, such as 208, for example. In
some 1mplementations, bursts produced by diflerent chan-
nels may use different time interval durations, and the
durations may be changed for every rotation of chassis 102.
In some cases, a time 1nterval duration, used for inter-pulse
spacing, may be randomly selected and assigned for each
channel, and for each rotation of chassis 102.

A second wavelorm 306 represents the magnitude of
reflected light received and detected by sensor element 120,
such as may be indicated by return signal 320 of FIG. 3, for
example. Second wavetorm 306 has a pair of pulses 308(a)
and 308(b) corresponding respectively to pulses 304(a) and
304(5). The pulses of second wavelorm 306, however, are
delayed by a time t, relative to first waveform 302. The
timing relationship between the pulses of second wavelorm
306 should be the same as that of emitted pulses 304.

A third wavetorm 310 represents the cross correlation
between first waveform 302 and second waveform 306, such
as may be mdicated by cross-correlation signal 230 of FIG.
2, for example. Highest peak 312 of third wavetorm 310
corresponds 1n time to t,, which 1s the phase difference
between first wavetorm 302 and second wavetorm 306.

In the case of cross-talk, such as a return light signal that
1s from a diflerent channel, the variable and/or random
spacing ol the emitted pulses means that the return signal
will likely have a different pulse spacing and will not be
strongly correlated by the cross-correlation as represented
by third waveform 310. This tends to reduce the impact of
any cross-talk between channels and/or between different
LIDAR devices.

FI1G. 4 1s a schematic diagram depicting a return pulse 402
reflected from a surface of an object (not illustrated 1n FIG.
4) having a number of parameters and a functional block 404
that determines such parameters, according to some
examples. For example, return pulse 402 may be similar to
or the same as return signal 220 1llustrated 1n FIG. 2. Among
others, return pulse 402 may have parameters such as time
delay with respect to a reference signal (e.g., corresponding
to a time when an emitted pulse was emitted toward the
object), peak magnitude, and pulse width, generally mea-
sured or indicated as full width at half maximum (FWHM).
In some implementations, functional block 404 may be
clectronic circuitry (e.g., processor, FPGA, or any combi-
nation ol analog and digital circuit elements) capable of
determining (e.g., measuring, detecting, and/or calculating)
such parameters. Functional block 404 may provide pulse
parameter data to a computing system for a LIDAR system,
for example.

A LIDAR system generally measures distances using
time-oi-flight of a laser pulse emitted from a laser emitter.
The time-of-flight, indicated by the delay parameter of
return pulse 402, provides at least a portion of the informa-
tion used to determined distance between the laser emitter
and an object from which the laser pulse 1s reflected. Peak
magnitude may be useful for determining, among other
things, optical characteristics, such as retlectivity, of the
object. Pulse width may be useful for determining orienta-
tion of the object. More specifically, a change of pulse width,
referred to as pulse stretching, from the emitted pulse to the
detected return pulse, may be used to determine an orien-
tation or a surface normal of the surface of the object from
which the emitted pulse retlected, as described below.
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FIG. 5 1s a schematic diagram depicting some examples
ol pulse stretching of a pulse emitted from a laser emitter of
a LIDAR system (not illustrated in FIG. 5). In case 502, a
surface 504 of an object 1s normal to a beam 506, which 1s
the light path along which a pulse travels. As explained
below, an emitted pulse and reflected pulse 1n this case will
have substantially equal widths. Beam 506 occupies a region
of space having an edge denoted by lines 508 and 510.
Though lines 508 and 510 1ndicate that beam 506 1s parallel
(an approximation), beam 306 has a width 512 that generally
diverges from the laser emitter to surface 504. Generally, a
laser pulse diverges at a divergence angle so that the size of
an area of the surface that intercepts the laser pulse depends,
at least 1n part, on the divergence angle. In other words, such
divergence leads to a “spot” size on an object that increases
in size (e.g., diameter) as the distance from the laser emitter
1nCcreases.

In case 514, a surface 516 of an object 1s oriented at an
angle to a beam 518, which 1s the light path along which a
pulse travels. As explained below, an emitted pulse and
reflected pulse in this case will have unequal widths. In
particular, the retlected pulse will a width that 1s greater than
that of the emitted pulse. Beam 518 occupies a region of
space having an edge denoted by lines 520 and 522. Though
lines 520 and 522 indicate that beam 518 1s parallel (an
approximation), beam 518 has a width 524 that generally
diverges from the laser emitter to surface 516. Such diver-
gence leads to a “spot™ size on an object that increases 1n size
(c.g., diameter) as the distance from the laser emitter
increases. Generally, a return pulse comprises light that 1s
reflected from a surface by diffuse reflection, in contrast to
specular reflection. Diffuse reflection involves the surface
reflecting light and scattered the reflected light into a dis-
tribution of angles. Specular retlection, on the other hand,
involves the surface reflecting the light at an angle equal to
the incidence angle. In case 514, the detector relies, at least
in part, on diffuse reflection for detecting the return pulse.

In case 502, all portions of beam 506 travel a same
distance from the laser emitter to surface 504 and from the
surface to the detector (e.g., light sensor). In case 514,
however, upper portions, nearest to line 520, of beam 518
travel a further distance from the laser ematter to surface 516
and from the surface to the detector than lower portions,
nearest to line 522, of beam 518. In detail, the upper portion
of beam 518 at line 520 travels further than the lower portion
of beam 3518 at line 522 by a distance 526. Thus, a portion
of a pulse travelling nearest line 520 will have a longer
time-oi-tlight as compared to a portion of the pulse travel-
ling nearest line 522. In the time domain, this uneven travel
time results 1n a broadening of the pulse, as measured by the
detector. In other words, the width of the return pulse is
greater than the width of the emitted pulse 1n case 514. Such
pulse widening measured 1n the return pulse may be used to
infer the orientation of the surface that reflected the emitted
pulse. The onentation may be represented by a surface
normal 528 which, by definition, 1s perpendicular to surface
516. The greater the angle of the surface normal from the
beam direction, the greater the pulse broadening. Or in
iverse terms, the greater the measured pulse broadening of
the return pulse, the greater the angle of the surface normal
from the beam direction. In contrast, 1n case 502, the return
pulse does not experience broadening and thus the surface
normal 530 of surface 504 is parallel to the beam direction.

FIG. 6 illustrates some examples of pulse width broad-
ening or pulse stretching as measured for a return pulse
originating at a reflecting surface, such as surface 304 or

516, illustrated in FIG. 5. Graph 600 includes plots of
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relative magnitudes of an emitted pulse 602 and a return
pulse 604 1n the time domain. For example, emitted pulse
602 may be the same as or similar to a pulse generated by
laser emitter 122 and return pulse 604 may be the same as
or similar to return signal 220 (e.g., as illustrated 1n FIGS.
1 and 2). Emitted pulse 602 has a FWHM 606 and return
pulse 604 has a FWHM 608. Referring to FIG. 5, for case
502, FWHM 606 and FWHM 608 are equal, because the
surface normal 330 of surface 504 1s parallel to the beam
direction. However, for case 514, FWHM 608 of return
pulse 604 1s greater than FWHM 608 of emitted pulse 602
because the surface normal 528 of surface 3516 1s at a
non-zero angle to the beam direction.

In some particular examples, for case 502, FWHM 606
and FWHM 608 may be equal at about 10 nanoseconds (ns).
For case 514, FWHM 606 of emitted pulse 602 may be about
10 ns and FWHM 608 of return pulse 604 may be about
10.02 ns, for surface normal 528 being at a 45 degree angle
from the beam direction. This 1s a broadening of about 0.02
ns. In examples of other angles, broadening may be about
0.07 ns for an angle of 60 degrees, 0.11 ns for an angle of
65 degrees, 0.18 ns for an angle of 70 degrees, 0.34 ns for
an angle of 75 degrees, 0.78 ns for an angle of 80 degrees,
1.23 ns for an angle of 82 degrees, and 3.09 ns for an angle
of 85 degrees. The numerical examples above indicate that
pulse stretching non-linearly increases as the angle increase.

FIG. 7 1s a schematic diagram depicting some examples
of pulse stretching due to interactions with a (vertical)
surface 702 and a (horizontal) surface 704. A LIDAR system
706, which may be mounted on a vehicle, can emit pulses 1n
a number of different directions, such as along direction 708
or along direction 710. Such pulse emission can occur for a
process ol probing and sampling the environment (e.g.,
scene) around the vehicle, for example. For navigating the
vehicle, 1t 1s desirable to detect the presence of objects, such
as a wall, another vehicle, the ground, and so on. For
example, surface 702 may be a wall or a vertical portion of
another vehicle. Surface 704 may be a portion of a road
surface. A surface normal 712 of surface 702 1s different
from a surface normal 714 of surface 704. A technique to
determine and to distinguish between surface normals 712
and 714 may mvolve measuring pulse width broadening of
a pulse emitted along direction 708 and measuring pulse
width broadening of a pulse emitted along direction 710.
The pulse emitted along direction 708 retlects from a surface
portion 716 of surface 702. The orientation or surface
normal of surface portion 716 need not be the same as other
portions of surface 702. If the pulse were emitted along a
line different from 708 onto another portion of surface 702
then, generally, the orientation of that portion of surface 702
may be different from that of 716, for example.

Pulse broadening i1s, at least in part, a function of the
direction of the surface normal with respect to the travel
direction of the pulse. Thus, a pulse emitted i direction 708
and reflected from surface portion 716 may not be broad-
ened, and LIDAR system 706 may determine that surface
normal 712 of surface portion 716 1s parallel to direction
708. By a similar process, a pulse emitted i direction 710
and reflected from surface portion 718 may be broadened,
and LIDAR system 706 may determine the angle at which
surface normal 714 of surface portion 718 1s with respect to
direction 708.

FIG. 8 1s a perspective schematic diagram depicting a
scene 800 with applied LIDAR scans, indicated by lines 802
and 804, across the scene, according to some examples. For
example, a LIDAR system such as 100 illustrated in FIG. 1
may perform such scans. Two objects 1n scene 800 are a
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vehicle 806 and a wall 808. The LIDAR scans may scan
from right to left 1n the scene, as chassis 102, for example,
rotates, as illustrated 1n FIG. 1. Generally, scans are sequen-
tially repeated while varying scan lines. For example, a first
scan line 802 may sweep across scene 800 at a first level, and
a second scan line 804 may sweep across scene 800 at a
second level. Thus, a plurality of such scans may cover most,
if not all, of an entire scene. FIG. 8 illustrates merely two
such scans.

In an example, a scan includes a number of pulses emitted
by a laser emitter 122 of LIDAR system along line 802. Each
pulse travels to a different portion of scene 800. For
example, some pulses will travel toward and impinge on
different surfaces of vehicle 806 or wall 808. Reflections
from these different surfaces will produce respective return
pulses that travel back to a sensor element 120 of the LIDAR
system. Widths of the return pulses may be compared with
widths of the corresponding emitted pulses to measure the
amount of pulse stretching, which can indicate the surface
orientation of the particular surface from which a return
pulse originated.

For example, the scan represented by line 802 includes
pulses emitted across wall 808 from edge 810 to edge 812,
and across vehicle 806 from edge 814 to edge 816. This
scan, the scan represented by line 804, and a number of
additional scans may be used to determine distances and
orientations of many relatively small surface portions of
objects 1n scene 800. For example, each small surface 818 of
vehicle 806 that 1s scanned by a pulse may be 1 a gnd
pattern 820, a small part of which 1s illustrated 1n FIG. 8.
With a knowledge of distances and/or surface normals for
cach of the small surfaces of grnid pattern 818, the LIDAR
system may generate a 3D mesh of vehicle 806. Anavigation
system for vehicle 806 may, for example, use such a 3D
mesh to model physical aspects of the vehicle (e.g., for
identification, avoidance, and so on).

Generally, objects of a scene will include discontinuities,
edges, or other surface features that lead to ambiguous
measurements of surface normals and/or distances. For
example, a small surface areca 822 measured by a pulse
emitted toward this portion of vehicle 806 may comprise a
flat surface, which may lead to satisfactory measurements. If
surface area 822 comprises a sharply curved surface, a
recess, and edge, or other discontinuous feature, then a
measurement of a surface normal for surface arca 822 may
produce a value that 1s ambiguous, as explained below. In
some embodiments, the LIDAR system may use a 3D mesh
of the surface of vehicle 806 (or other object) to resolve such
an ambiguity. For example, if pulse widening measurements
yield more than one measurement for a surface normal of a
particular area of a vehicle, a 3D mesh of the vehicle may
provide iformation about the particular area that can be
used to select the correct surtace normal from among the two
or more candidates. A 3D mesh may be retrieved from
memory, which may include a library or table of 3D meshes
for various vehicles or other objects.

On the other hand, in other embodiments, measured
surface normals may be used to generate or “fill in the
blanks” of a 3D mesh. For example, a 3D mesh may be
missing distance measurements for particular areas of an
object. Surface normal measurements of those particular
arcas may allow for the completion of the 3D mesh. This
situation may occur, for example, 11 a portion of the surface
of the object has a feature that prevents an accurate distance
measurement, but the feature does not prevent a surface
normal measurement.
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In some embodiments, deep learning systems trained on
LIDAR data, such as distance and/or surface normal mea-
surements, can take advantage of large amounts of scene
data bevond 3D meshes or structures of individual objects.
For example, machine learning processes can provide static 5
and dynamic modelling and classifications for an entire
scene. In some implementations, a 3D mesh based on
distance measurements 1s generated using a number of
assumptions. Providing surface normal data may also lead to
fewer assumptions about scene structures. Providing surface
normal data may also allow for an evaluation of the accuracy
of mesh generation, for example.

FIG. 9 1s a schematic diagram depicting a number of
possible surface characteristics that may lead to measure-
ment ambiguities, according to some examples. Surface 902
1s a side view of a portion of a surface of an object, such as
vehicle 806. Surface 902 includes flat surtfaces 904 and 906,
convex surface 908, concave surface 910, and discontinuous
surface 912. A scan across surface 902 may include a
number of emitted pulses that lead to reflections and return
pulses 914-922 from each of flat surfaces 904 and 906,
convex surface 908, concave surface 910, and discontinuous
surface 912.

In one ambiguity example, a return pulse 914 originating
from flat surface 904 may result 1n pulse broadening that 1s
equal to that of a return pulse 918 originating from flat
surface 906. Thus, a measured surface normal for flat surface
904 may be the same for flat surface 906, although the actual
surface normals 924 and 926 are different from one another.

In another ambiguity example, a return pulse 916 origi-
nating from convex surface 908 may result in pulse broad-
cning that indicates the possibility of the surface normal
being in the direction of 924 and 926, since half of convex
surtace 908 1s 1n direction 924 and the other half of the
surface 1s 1n the direction 926. Thus, a measured surface
normal for convex surface 908 may not yield a single
measurement. Additionally, the surface normal of convex
surface 908 may 1n fact be difhicult to define, since 1t
includes a discontinuity. This difliculty may be resolved, for
example, by relying on measured surface normals of neigh-
boring surface areas, or by using distance measurements of
a 3D mesh, just to name a few possibilities.

In another ambiguity example, a return pulse 920 origi-
nating from concave surface 910 may result 1n pulse broad-
cning that indicates the possibility of the surface normal
being 1n the direction of 924 and 926, since half of concave
surtace 910 1s 1n direction 924 and the other half of the
surface 1s 1n the direction 926. Thus, a measured surface
normal for concave surface 910 may not yield a single
measurement. Additionally, the surface normal of concave
surface 910 may 1n fact be diflicult to define, since 1t
includes a discontinuity. This difliculty may be resolved, for
example, by relying on measured surface normals of neigh-
boring surface areas, or by using distance measurements of
a 3D mesh, just to name a few possibilities.

In still another ambiguity example, a return pulse 922
originating from discontinuous surface 912 may have a
complex structure that prevents a definitive measurement of
pulse broadening. Thus, a measured surface normal for
discontinuous surface 912 may not yield a measurement.
Additionally, the surface normal of discontinuous surface
912 may 1n fact be diflicult to define, since it includes a
discontinuity. This difliculty may be resolved, for example,
by relying on measured surface normals of neighboring
surface areas, or by using distance measurements of a 3D
mesh, just to name a few possibilities. For example, a
LIDAR system may determine orientation or a surface
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normal of problematic areas, such as discontinuities or small
areas that fall between two measured areas, by interpolation.
In other examples, interpolation may be used to detect or
determine a presence of a surface discontinuity between two
measured areas.

FIG. 10 1s a flow diagram 1llustrating a process 1000 for
determining surface features, according to some embodi-
ments. For example, process 1000 may be performed by a
processor 1n a LIDAR system. In some implementations,
such a processor may be 1n the LIDAR system and in other
implementations the processor may be remote from the

LIDAR system.

At block 1002, a processor may 1nstruct one or more laser
emitters to project a LIDAR scan across a surface 1n a scene.
The LIDAR scan may comprise a sequential plurality of
laser pulses projected at respective portions of the surface,
for example. The LIDAR scan may occur during a rotation
of a LIDAR system that includes laser emitters, sensor
clements, and an optical system. The rotation 1s about an
axis that 1s substantially perpendicular to the direction of the
projected laser pulses, for example.

At block 1004, the processor may receive measurement
values for a plurality of return pulses from the respective
portions of the surface. The plurality of return pulses respec-
tively correspond to the sequential plurality of laser pulses.

At block 1006, the processor may determine, based at
least 1n part on respective widths of the plurality of the return
pulses, surface normals for each of the respective portions of
the surface. In some 1mplementations, information regarding,
the surface normals may be used as training data for a
machine learning system, which can subsequently provide
3D structure information about the surface. In some 1mple-
mentations, information regarding the surface normals may
be provided to a navigation system of a vehicle.

CONCLUSION

Although the subject matter has been described 1n lan-
guage specific to structural features and/or methodological
acts, 1t 1s to be understood that the subject matter defined 1n
the appended claims 1s not necessarily limited to the specific
features or acts described. Rather, the specific features and
steps are disclosed as example forms of implementing the
claims.

Conditional language such as, among others, “can,”
“could,” “may” or “may,” unless specifically stated other-
wise, are understood within the context to present that
certain examples include, while other examples do not
include, certain features, elements and/or steps. Thus, such
conditional language 1s not generally intended to imply that
certain features, elements and/or steps are 1n any way
required for one or more examples or that one or more
examples necessarily include logic for deciding, with or
without user mput or prompting, whether certain features,
clements and/or steps are included or are to be performed 1n
any particular example.

Conjunctive language such as the phrase “at least one of
X, Y or 7Z,” unless specifically stated otherwise, 1s to be
understood to present that an 1tem, term, etc. may be either
X, Y, or Z, or a combination thereof.

It should be emphasized that many variations and modi-
fications may be made to the above-described examples, the
clements of which are to be understood as being among
other acceptable examples. All such modifications and varia-
tions are intended to be included herein within the scope of
this disclosure and protected by the following claims.
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What 1s claimed 1s:
1. A device comprising:
a laser emitter to emit a first laser pulse and a second laser
pulse;
a sensor to sense a first return pulse associated with the
first laser pulse reflected from a surface, and a second
return pulse associated with the second laser pulse; and
one or more processors to perform operations comprising;:
determining a first surface area of the surface based, at
least 1n part, on the first return pulse;

determining a second surface area of the surface based,
at least 1n part, on the second return pulse;

determining a first orientation of the surface based, at
least 1n part, on a comparison between a first width
of the first laser pulse and a second width of the first
return pulse; and

determining a surface discontinuity between the first
surface area and the second surface area based, at
least 1n part, on a comparison between the first
orientation and a second orientation of the second
surface area.

2. The device of claim 1, wherein the comparison 1s a first
comparison, the one or more processors to perform further
operations comprising;:

determining a distance between the surface and the sensor
based, at least in part, on a second comparison between
a first time associated with the first laser pulse and a
second time associated with the first return pulse.

3. The device of claim 1, wherein the first width and the

second width are represented in a time domain.

4. The device of claim 1, the one or more processors to
perform further operations comprising:

determining an area of the surface based, at least in part,
on a distance between the surface and the sensor and on
a divergence angle associated with the first laser pulse.

5. The device of claim 1, the one or more processors to
perform further operations comprising:

generating navigation mstructions for controlling a direc-
tion of a vehicle based at least 1n part on the first
orientation of the surface.

6. The device of claim 1, the one or more processors to

perform further operations comprising;:

controlling the laser emitter and the sensor to rotate about
an axis that 1s substantially perpendicular to a sample
direction 1n which the first laser pulse 1s emitted.

7. A method comprising:

emitting a first laser pulse and a second laser pulse toward
a surface:

receiving a first return pulse associated with a first surface
area ol the surface, and a second return pulse associated
with a second surface area of the surtface, the first return
pulse being received based at least in part on the first
laser pulse, the second return pulse being received
based at least 1n part on the second laser pulse;

determining, based at least 1n part on a comparison
between a first width of the first laser pulse and a
second width of the first return pulse, a first orientation
of the surtace; and

determining a surface discontinuity between the first
surface area and the second surface area based, at least
in part, on a comparison between the first orientation
and a second orientation of the second surface area.

8. The method of claim 7, turther comprising;:

determining, based at least in part on the comparison, a
surface normal associated with the first surface area:
and
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providing the surface normal as training data to a machine
learned model.

9. The method of claim 7, further comprising:

providing a known distance and a known orientation
associated with the surface as tramning data to a
machine learned model.
10. The method of claim 7, further comprising:
determining, based at least 1n part on the comparison, a
surface normal associated with the first surface area:
inputting the surface normal to a machine learned model;
and

recerving, {from the machine learned model and based at
least 1n part on the surface normal, one or more of a
distance or an orientation of the surface.

11. The method of claim 7, further comprising:

determiming, based at least 1n part on the comparison, a
first surface normal associated with the first surface are;

determining a second surface normal associated with the
second surface area; and

determining a third surface normal associated with a third
surface area based at least in part on interpolating
between the first surface normal and the second surface
normal.

12. The method of claim 7, further comprising:

comparing the first width to the second width to determine
a first surface normal for a first portion of the surface;
and

comparing a third width of the second laser pulse to a
fourth width of the second return pulse to determine a
second surface normal for a second portion of the
surtace.

13. The method of claim 7, further comprising:

determining, based at least 1n part on the comparison, a
surface normal associated with the first surface area;
and

transmitting, to a vehicle navigation system, surface nor-
mal information for controlling a direction of a vehicle,
the surface normal information including information
associated with the surface normal.

14. The method of claim 7, wherein the first width and the

second width are represented in a time domain.

15. A method comprising:

emitting a first pulse at a first portion of a surface having
a first pulse width, and a second pulse at a second
portion ol a surface;

recerving, at a sensor, a first return pulse associated with
the first pulse;

determining, based at least i part on a comparison
between the first pulse width and a second pulse width
of the first return pulse, a first orientation of the surface;
and

determining a surface discontinuity between a first surface
area associated with the first pulse and a second surface
area associated with the second pulse, based, at least 1n
part, on a comparison between the first orientation and
a second orientation of the second surface area.

16. The method of claim 15, further comprising:

determiming a surface normal associated with the second
portion of the surface based at least 1n part on a third
width of the second pulse and a fourth width of a
second return pulse,

wherein the surface discontinuity 1s determined further
based, at least in part, on the surface normal.

17. The method of claim 15,

wherein the surface discontinuity 1s determined further
based, at least in part, on a distance between the sensor
and the second portion of the surface.
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18. The method of claim 15, further comprising;
determining a set of candidate surface normals based at
least 1 part on the first pulse width; and
controlling operation of a vehicle based at least 1n part on
the set of candidate surface normals. 5
19. The method of claim 15, wherein the first pulse 1s
reflected from an object, the first return pulse 1s associated
with the first pulse reflected from the object, and the surface
1s associated with the object.
20. The method of claim 15, wherein the first pulse width 10
and the second pulse width are represented 1n a time domain.
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